Semiconductor nanowires (NW) hold great promise for micro/nanolasers owing to their naturally formed resonant microcavity, tightly confined electromagnetic field, and outstanding capability of integration with planar waveguide for on-chip optoelectronic applications. However, constrained by the optical diffraction limit, the dimension of semiconductor lasers cannot be smaller than half the optical wavelength in free space, typically several hundreds of nanometers. Semiconductor NW plasmonic lasers provide a solution to break this limitation and realize deep sub-wavelength light sources. In this review, we summarize the advances of semiconductor NW plasmonic lasers since their first demonstration in 2009. First of all, we briefly look into the fabrication and physical/chemical properties of semiconductor NWs. Next, we discuss the fundamentals of surface plasmons as well as the recent progress in semiconductor NW plasmonic lasers from the aspects of multicolor realization, threshold reduction, ultrafast modulation, and electrically driven operations, along with their applications in sensing and integrated optics. Finally, we provide insights into bright perspectives and remaining challenges.
Introduction
Rapid development of semiconductor lasers has significantly expanded frontier research on semiconductor photonics from fundamental sciences to industrial technologies, in which device miniaturization has been a long-standing and continuous pursuit. From the creation of edge-emitting lasers [1] , vertical-cavity surface-emitting lasers [2] [3] [4] , microdisk lasers [5] [6] [7] , and photonic crystal lasers [8] [9] [10] to the discovery of nanowire (NW) lasers [11] [12] [13] , the volume of semiconductor lasers has gradually reduced, which is still constrained by the diffraction limit and cannot be lower than half the optical wavelength (λ), typically several hundred nanometers. This size is an order of magnitude larger than the feature size of modern transistors, which would cause integration mismatch and serious energy dissipation, and thus limit practical applications of micro/nanolasers [14] . In the past decade, a new type of small lasers, based on surface plasmons (SPs), the so-called plasmonic laser, has received widespread attention for achieving deep sub-wavelength laser sources and advancing the development of nano-optics [15] [16] [17] [18] . In plasmonic lasers, optical waves can couple with SPs occurring at the metal-dielectric interface and store their energies in free electron oscillations. As a result, the physical dimension of the plasmonic cavity can be compressed to the nanometer scale, ultimately enabling the simultaneous amplification of photons and SPs in analogy with the photonic lasing from pure dielectric materials [19] [20] [21] . Meanwhile, strong photon-plasmon interactions significantly enhance the local field, which allows the plasmonic laser to deliver high power density, low theoretical consumption, and fast response, which are promising for regulating linear and nonlinear optical processes [22] [23] [24] [25] [26] [27] . So far, the minimum size of the plasmonic laser is comparable to that of the metal-oxide-semiconductor field effect transistor (~10 nm), and the coupling efficiency with silicon waveguide reaches up to 90%, both making the plasmonic laser a great candidate to replace electronic circuits in the semiconductor industry.
So far the plasmonic lasing has been demonstrated in various architectures, which can be mainly divided into four: (1) metallic nanoparticle lasers with threedimensional confinement, such as metal core-dye shell laser [28] [29] [30] ; (2) metal-insulator-semiconductor waveguide (MISW) lasers with two dimensional confinement, e.g. plasmonic NW laser [31] ; (3) metal-clad lasers with one-dimensional confinement, e.g. metal-insulator-metal (MIM) laser [32] , and (4) plasmonic lattice lasers [33] [34] [35] [36] . The semiconductor NW plasmonic laser based on MISW configuration is widely studied owing to its simple structure, facile fabrication, great mode confinement, and long propagation length. Furthermore, semiconductor NWs can also function as interconnection waveguides, photodetectors, and phototransistors, which are building blocks for optical circuits [37, 38] . The compressed size, improved emission performance, and great device integration with on-chip networks enable semiconductor NW plasmonic lasers promising for nanophotonic and nanoelectronic applications.
Here we summarize the physical and chemical properties of semiconductor NWs from the aspects of fabrication, material photophysics, optical gain/loss, and lasing properties in Section 2. Next, we introduce the fundamentals of SP and semiconductor NW plasmonic lasers in Sections 3 and 4. From Section 5-9, the progress of these plasmonic NW lasers is discussed in terms of multicolor operation, threshold reduction, ultrafast response, electrically pumped devices, and down-to-earth applications, respectively. Finally, we highlight future perspectives and challenges that remain in this field.
Semiconductor nanowires
Semiconductor NWs, including several quasi-onedimensional nanostructures such as wire, rod, tube, and strip, have received widespread attention since the 1990s [39] . The fabrication of semiconductor NWs is mainly accomplished by breaking the symmetry and guiding anisotropic growth via top-down and bottom-up approaches [40] . Top-down approaches reduce the dimension of bulk materials for micrometer and nanometer structures by chemical or mechanical thinning routes through mechanical deformation, template-based chemical etching, focused ion beam direct writing, and so on [41] [42] [43] . Since the size and morphology of NWs can be well controlled in these approaches, they have been widely used for the mass fabrication of Si, Ge, GaAs, InP, and GaN NWs, opening up reproducible pathways for future industrial applications [42, [44] [45] [46] [47] . For example, by metal-assisted chemical etching, Zhang et al. reported the fabrication of uniform Si NWs of 50-200 nm in diameter and several tens of micrometers in length from Si wafer precursors, and without varying the initial doping type and concentration [48] . Bottom-up approaches, including chemical vapor deposition (CVD), physical vapor deposition, hydro-and solvothermal methods, and solution-phase self-assembly, assemble atomic and molecular units into larger complex structures [49] [50] [51] [52] [53] [54] . Prior to top-down methods, bottom-up strategies could achieve high-quality products and heterostructure engineering with low density of destructive defects, so they have been employed to grow single-crystal NWs of IV, III-V, and II-VI semiconductors including Si, Ge, GaAs, InP, ZnO, GaN, CdS, CdSe, etc. [49, 51, [55] [56] [57] [58] . For example, CsPbBr 3 NWs synthesized on mica substrates by the CVD method exhibit highly ordered orientation, single-crystal structure, and high emission polarization ratio of up to 0.78 [59] . Using metal organic chemical vapor deposition (MOCVD), Qian et al. fabricated high-quality InGaN/GaN quantum well NWs showing tunable composition and low-threshold, room-temperature, multicolor lasing [60] . Moreover, planar and radial p-n junctions in NW structures have been allowed in bottom-up routes, despite the fact that a homogeneous dopant distribution is still desired in thinner NWs considering the high-level surface states [61, 62] . As solutions, single-ion implantation and epitaxial passivation have improved the doping issue and device stability [63, 64] .
Benefited from their extremely high aspect ratio and one dimensionality, NWs are not only of fundamental interest in size and surface effects but also hold great potential for photonic and optoelectronic devices [65] [66] [67] [68] . Due to their large refractive index (n) compared to air, NWs can naturally form active Fabry-Pérot (F-P) optical resonators and function as micro/nanolasers via using the semiconductor as the gain medium [69] [70] [71] . As illustrated in Figure 1A , photoluminescence is generated as a semiconductor NW is pumped by photons above the bandgap, propagates along the long axis, and is reflected by the two end-facets, and the NW is transformed as an F-P laser if the pump energy is above the threshold. The gain in the NW lasers, g, can be described as g = Γg m , where Γ and g m are the confinement factor and material gain, respectively. Γ describes the overlap of the optical mode and gain medium, and the photons can be tightly confined in the NWs, leading to a higher theoretical Γ compared with other bulk lasers. g m is an inherent property of optical gain media and describes their amplification coefficient per unit length; it is ~10 2 -10 4 cm −1 for the conventional semiconductors. Optical losses in NW lasers for a round-trip, α, mainly come from the internal loss α i during light propagation and the mirror loss α m at the end-facets. α i includes loss channels from material absorption, refraction, scattering, and so on. Derived from the light transmission at the end-facets, α m can be described as α = m g 1 1 ln , L R where R is the light reflectivity at the facets, and L g is the length of the gain medium, which is equivalent to the NW length. Therefore, the threshold condition of a NW laser is expressed as
and as the optical losses are overcompensated by the optical gain provided from stimulated emission, lasing can be established. The first semiconductor NW lasing was achieved from ZnO NWs on a sapphire (110) substrate fabricated by Au-catalyzed vapor-phase transport process in 2001 [75] . Since then, NW lasers have been widely reported in many semiconductors. Emission color is one of the most important characteristics for lasing, which is briefly located near the electronic bandgap for non-heavily-doped semiconductors. Therefore, selecting gain media with different bandgaps can rationally control the lasing color. As shown in Figure 1B , till now, inorganic semiconductors (i.e. ZnO [49, 75, 76] , In x Ga 1−x N [60, 77] , Zn x Cd 1−x S [78, 79] , CdS [73, 74, 80] , CdS x Se 1−x [81] [82] [83] , CdSSe-CdS [84] , CdSe [85, 86] , GaAs [12, 56] ), organic semiconductors (i.e. TPI [87] , p-6P [88] , DPBT [89] , HBT [90] , BP3T [91] , 1d@2d [92] , HDMAC [93] , DMHP [94] ), and inorganic-organic hybrid semiconductors (i.e. hybrid metal halide perovskites [95] [96] [97] [98] ) have independently acted as gain media in NW lasers spectrally covering from the ultraviolet (UV) to near-infrared (NIR) regions. Engineering the bandgap energy would also tailor the operating wavelength of semiconductor NW lasers. For example, Qian et al. realized lasing spectrally from 382 to 484 nm in multi-quantum-well InGaN/ GaN core-shell NWs by varying the composition ratio of In [60] . Similar multicolor lasing has also been reported in composition-graded CdSSe and ZnCdS NWs [79, 81, 82] . Very recently, metal halide perovskites have shown considerable potential for multicolor lasers via tuning the content of the halogens, and all-inorganic alloying lead halide perovskites CsPb(Cl/Br) 3 and CsPb(Br/I) 3 NW lasers spectrally across the entire visible range have been reported at room temperature ( Figure 1C ) [72] . Moreover, white lasers obtained from a mixture of blue, green, and red light have also been demonstrated in a monolithic ZnCdSSe nanosheet, strongly suggesting their potential for full-color display [99] .
Propagating photons inside NWs inevitably suffer scattering from phonons, excitons, and impurities, causing significant energy shift to the emission colors. Even in undoped polar semiconductor NWs, excitonphonon coupling can induce additional electronic states inside the transparent bandgap and produce an exponential tail below the fundamental optical absorption edge [100] [101] [102] . This effect is known as the Urbach tail [103] . The propagating photons dissipate their energy gradually along the Urbach tail, giving rising to optical self-absorption, which reduces the intensity and frequency of the emission photons. More interestingly, the self-absorption effect also induces the red shift of the optical gain range, providing a pathway for multicolor lasing. For instance, Liu et al. tailored the lasing wavelength in CdS NWs by utilizing the self-absorption effect and demonstrated that the lasing wavelength could be shifted from 498 to 528 nm by increasing the CdS NW length from 4.3 to 16.4 μm ( Figure 1D ) [73] . A similar phenomenon was observed in CdSe NWs, which was identified as an absorption-emission-absorption process [104] . Meanwhile, under intense optical excitation, Fermi energy level in the conduction band may arise owing to the filling of the electronic states at the bottom of the conduction band, causing a blue shift to the emission, which is called as Burstein-Moss (BM) or band-filling effect [105, 106] . The energy shift induced by the BM shift is proportional to n e 2/3 , where n e is the electron carrier concentration in the conduction band and proportional to the pump fluence and inversely proportional to NW diameter. It means that the emission wavelength of NWs in both spontaneous emission and lasing processes can be modulated via tailoring the injection density or the NW diameter [107] [108] [109] [110] . As demonstrated in a CdS NW/ SiO 2 /Au photonic laser, the BM effect was dramatically enhanced by SP by increasing the local carrier concentrations, causing a 20-nm blue shift to the lasing wavelength on decreasing SiO 2 from 100 to 5 nm ( Figure 1E , F) [74] .
Moreover, with the rapid development in the fabrication of semiconductor NWs, highly ordered NW arrays have emerged, which hold great potential for highoutput, low-threshold laser sources. Vertically aligned NW arrays are mainly fabricated by template methods, microfabrication, and epitaxial growth such as molecular beam epitaxy (MBE), MOCVD, and pulsed laser deposition (PLD) [111] [112] [113] [114] . Among these epitaxial routes, MBE can precisely control the height, composition, and structure of NWs at the sub-monolayer level; MOCVD exhibits fast and smooth growth, which is essential for mass fabrications; and PLD combines the advantages of MBE and MOCVD, showing good compatibility with semiconductor technology. In addition, pretreating seeds or wetting layers are widely adopted to increase the density and improve the crystal quality of the NWs [115] . Up to now, vertical NW arrays of various semiconductors, especially Si and ZnO, have been fabricated with high yield (>97%) and large area (>1 cm 2 ), wide size distribution (diameter: ~8-500 nm; height: ~1-100 μm), and various cross-sectional geometries [116] [117] [118] [119] . Since the free spacing among NWs is much smaller than light wavelength, these NW arrays can not only support vertical F-P oscillations in a single NW but also trap emission along the horizontal direction of NWs so as to reduce scattering and realize electrically pumped random or/and edge-emitting lasing [13, 76, 113] . Owing to the collective contributions of NWs, these NW array lasers exhibit wide wavelength tunability (>15 nm), high coupling efficiency (>50%), high output power (~mW), and long working stability (>7000 h) in comparison to single NW lasers [13, 113, 120] . Electric field-assisted, flow-assisted, contact printing, bubbleblown, and Langmuir-Blodgett techniques have also been developed to guide the growth of in-plane aligned NW arrays [121] [122] [123] [124] [125] . Growth substrates with edge steps and V-grooves on the surface, such as Cu (110) [126] , sapphire (101̅ 0) [57] , GaAs (100) [127] , and muscovite mica (100) [59] , have also been used for the growth of in-plane NW arrays. To date, a wide range of in-plane NW arrays have been synthesized, from III-V (GaN, GaAs, InP, InAs), II-VI (ZnO, ZnSe, CdS), and IV (Si, Ge) group semiconductors to the recent lead halide perovskite [57, 59, [121] [122] [123] [124] [125] [127] [128] [129] [130] . These NW array lasers exhibit identical lasing threshold and color from independent sub-units, and can be compatible with lithography techniques and integrated circuits; for example, the InP NW array lasers realized the complex spatial patterns for flat panel display [98, 131] . These excellent capabilities on high-power and ordered lasers make NW arrays an important branch of semiconductor NW lasers.
Introduction to surface plasmon
SPs were first predicted and confirmed through electron energy loss experiments in the 1950s [19] . Compared with purely longitudinal bulk plasmons, SPs have both transverse and longitudinal electric field components, creating opportunities to confine light into sub-wavelength volumes. SP polariton (SPP) quantizes a surface propagating wave along the metal-dielectric interface but an evanescent wave in the direction perpendicular to the interface. Considering a single flat interface of metal layer
k spp is the wave vector of SPP, and w, c are the in-plane angular frequency and speed of light in vacuum, respectively. Since the dispersion curve is always on right side of photons, SPP has a larger wave vector than light in free space, and therefore cannot be directly excited by illumination from the dielectric layer. Meanwhile, due to ohmic losses of the metal by free-electron scattering and interband absorption, SPPs are inevitably damped during their travel. For example, the theoretical propagation length of SPPs at an Ag-air interface, which is the distance when their intensity decays by a factor of 1/e, is over 20 μm at λ = 510 nm and even 10 3 μm at λ = 1500 nm. In contrast, the skin depth of SPPs at optical frequencies is typically on the order of 10 nm in metal and 10 2 nm in the dielectric layer, indicating a strong localized electromagnetic field near the interface. On the other hand, localized excitation can exist in bounded geometries, such as metal nanoparticles, which is called localized SP (LSP) [132] . The origin of LSP can be explained by the interaction of a spherical metal nanoparticle with an oscillating electromagnetic wave, in which the curved surface of metal nanoparticle exerts a restoring force on the driven oscillating electric field to form a resonance [133] . Given that the radius of the metal nanoparticle is much smaller than light wavelength, the frequency of LSP resonance can be decided by using a quasi-static approximation. The as-applied electric field induces a dipole moment inside the metal nanoparticle, and the polarizability experiences a resonance enhancement as ε ε = − ′ m d 2 (Fröhlich criterion). For a Drude metal in air, the Fröhlich condition will be satisfied at the resonance frequency of ω p / 3, where w p is the frequency of the free-electron plasma. Correspondingly, the field enhancement at the metal surface is described as 2 m m |3 / | , ε ε′′ which can reach over 450 at λ = 350 nm for a Ag nanosphere as an example. Similarly, anisotropic metal nanoparticles with high aspect ratio and low depolarization factor are considered to have a high theoretical enhancement factor (e.g. 10 5 for a Ag nanospheroid with aspect ratio 3). It suggests that, apart from the size and the dielectric function of the surrounding environment, the geometry and shape of metal nanoparticles also significantly influence the resonance frequency and local field enhancement factor of the LSP [134] .
Although SPP and LSP differ significantly in many properties, they are still closely interlinked. At large k SPP (ε m + ε d → 0), e.g. w approaches the SP frequency, and the group velocity is approximately zero for an undamped plasmon. It suggests that SPPs are strongly concentrated around the metal-dielectric interface with almost disappearing propagation behaviors, which is analogous to the LSP. Moreover, SPP and LSP can excite each other on a rough surface as their frequencies are close. Since LSP can be easily excited by photons with comparable frequency and polarization, this provides a strategy to excite SPP via roughness coupling without satisfying the wave vector matching condition.
Fundamental and application studies on SP have been rapidly developed in the past. First, SP-induced field localization and enhancement have been widely used to amplify weak and strong light-matter interactions, such as surface-enhanced Raman scattering (SERS), surface-enhanced fluorescence, surface-enhanced nonlinear processes, and so on [135] . The enhancement factors of SERS have reached 10 7 -10 10 , or even 10 14 -10 15 , making it possible to detect chemical and biological samples at the single-molecule level [136] [137] [138] . Second, LSP resonance frequency is sensitive to the surrounding environment, which is applied in sensors, displays, photothermal devices, and so on [139] [140] [141] . By probing the LSP resonance of Au nanodisk arrays close to catalyst Pt nanoparticles, Larsson et al. monitored the real-time dynamics of H 2 oxidation, CO oxidation, and the storage and reduction of NO x with sensitivity of 10 −3 monolayer molecule [142] . Using a similar method, the intraparticle distance between single-stranded DNA-functionalized metal nanoparticle pairs upon DNA hybridization was determined with detectable separations of up to 70 nm for >3000 s, which is much better than the molecule rule using Förster resonance energy transfer, suggesting the potential of SPs for bioimaging and cancer treatment [143] . Owing to the strong spatial confinement and longrange propagation, SPP waveguides, including wedge, groove, metal cylinder, MIM, and MISW, are designed to construct integrated nanocircuits [15] . For example, networks of Ag NWs were fabricated to realize all-binary logic functions including AND, OR, and NOT by controlling the polarization and phase of the input light [144] . Also, combing SPs with metamaterials has exploited a revolutionary field to tailor light behavior in a way that does not exist in natural materials, ranging from negative refraction, hyperbolic dispersion, epsilon-near-zero, transformation optics, and invisibility cloak to subwavelength imaging, which motivate new exciting applications of SPs [145] [146] [147] .
Plasmonic nanowire lasers: from theory to experiment
On the concept of the plasmonic laser, SPs are amplified via stimulated emission of excitons generated in a semiconductor gain medium. The energy of excitons is transferred to the metal nonradiatively to excite one SP, and moves back to stimulate the exciton for cycling to create more SPs. In a plasmonic NW laser, excitons strongly couple with SPs to form coherent long-range SPP (LRSPP) waves, which propagate along the metal-semiconductor interface and get reflected at the two end-facets of the NW [148] [149] [150] . LRSPP wave decoupling at the end-facets can radiate photons into free space, showing lasing characteristics when the optical gain is larger than the optical losses. According to Maxwell's equations, the wavelength of SPP is always smaller than that of photon for a fixed frequency, so the formation of LRSPP includes near-field momentum exchange and below-diffraction-wavelength compression.
In 2008, Oulton et al. proposed a hybrid plasmonic waveguide including a semiconductor NW with high refractive index, a metal film, and a sandwiched nanometer-sized insulator layer with low refractive index, which has become one of the most popular configurations for plasmonic lasers (Figure 2A ) [151] . As shown in Figure 2B , as the insulator layer thickness was 100 nm, the hybrid photonic mode was predominant and resulted in the electromagnetic field mostly distributed inside the 400-nm GaAs NW. However, as the thickness of the insulator layer was reduced to 2 nm, the hybrid plasmonic mode was strongly confined within the interface region owing to the continuity of the displacement field ( Figure 2B ), and the mode area ranged from λ 2 /40 to λ 2 /400. The effective refractive index was larger than that in a pure dielectric waveguide, leading to better optical confinement. Since the electromagnetic field was mostly distributed inside the low-loss insulator layer, the propagation distance was as large as ~23.07 λ. Existence of the hybrid plasmonic mode was then demonstrated by Sorger et al. in a ZnS strip (thickness: 200 nm, width: 150-800 nm) placed on a Ag film separated with a MgF 2 layer (thickness: 10 nm) [152] . As shown in Figure 2C (inset), the strip was excited by light illumination at one end of a metal slit, and the local electromagnetic field intensity of the opposite end was detected by a near-field scanning optical microscopy tip. A strong local electric field was observed at the insulator region with a vertical dimension of ~50 nm, which was far below the diffraction limit of light and in good agreement with the theory.
In 2009, Oulton and coworkers demonstrated deepsub-wavelength plasmonic mode lasing from a glossy single-crystalline CdS NW on top of a silver film with a nanometer-thick MgF 2 insulator layer ( Figure 2D ) [31] . The plasmonic device was optically pumped by a femtosecond pulsed laser (405 nm, 100 fs) below 10 K. Figure  2E exemplifies the transition from spontaneous emission (21.25 MW cm −2 ) via amplified spontaneous emission (32.50 MW cm −2 ) to full laser oscillation (76.25 and 131.25 MW cm −2 ) of the plasmonic laser. The log-log scale plot of the output power versus the pump intensity showed an "S"-like curve, which could be well fitted by a rate equation (inset, Figure 2E ). Moreover, the free spectral range of these modes showed a linear relationship with the reciprocal of the NW length, confirming the F-P oscillation of the NW laser (inset, Figure 2E ). The effective refractive indexes of the hybrid plasmonic and photonic mode as a function of NW diameter, shown in Figure 2F , revealed that the photonic mode was cut off below 140 nm while the plasmonic mode was not limited in the region of interest. As a result, lasing of NWs with diameter less than 140 nm could be derived only from the plasmonic mode. Although the threshold of plasmonic lasers (~100 MW cm −2 ) was still higher than that of dielectric lasers, facile excitation condition of the first plasmonic NW laser showed broad potential for sub-wavelength coherent sources. Thereafter, hybrid plasmonic NW lasers have been implemented in demonstrations for InGaN/GaN (~474-627 nm) [154] , GaN (~375 nm) [155] , GaAs/AlGaAs (~804 nm) [156] , ZnO (~380 nm) [157] [158] [159] , CdS (~486 nm) [160] , and CsPbBr 3 (~526 nm) [161] , as listed in Table 1 .
In 2017, Chen et al. demonstrated a Ag-SiO 2 -CdSe NW plasmonic laser and directly imaged the spatial distribution of plasmonic lasing by using a leakage radiation microscope ( Figure 2G ) [153] . In their experiments, the emission coupled to the SP mode could be collected at a certain polar angle satisfying the momentum matching condition. Figure 2H shows the spatial image of a plasmonic NW laser with the diameter of 212 nm and the length of 8.4 μm. Pronounced emission was observed mainly along the NW long axis, which was attributed to the fundamental plasmonic mode rather than the photonic mode. Moreover, the generation efficiency of SPs, defined as the power ratio of SP emission to the total emission, was as high as 74%, which was expected to be ~100% in NWs with diameter less than 50 nm. These results proved the promise of radiating SPs in various applications from on-chip integration, nonlinear photonics, and imaging to sensing. Nevertheless, the exploration of plasmonic NW lasers is not limited to these observations of lasing actions, but also needs more effort to uncover the underlying photophysics and improve the lasing performance toward next-generation nanoscale light sources. Next, we will introduce the progress in plasmonic NW lasers from the aspects of color tuning, lowthreshold, high-speed modulation, electrically pumped devices, and relevant applications.
Multicolor plasmonic lasers
The realization of multicolor lasers is important for satisfying diverse applications such as illumination, display, communication, and sensors [162] [163] [164] [165] [166] . Since the operation band of lasers mainly depends on the electronic bandgap of the gain media and the SP frequency, plasmonic lasers working in the spectral range from UV to NIR have been established by using semiconductor materials of different gains ( Figure 3A) [31, 32, 154-157, 159-161, 167, 169-179] . A strategy is using multiple compounds of semiconductor gain media and controlling their elemental composition during fabrication processes. For example, Lu et al. have reported a single-mode, all-color, continuous wave (CW), deep-subwavelength plasmonic laser operated at 7 K. The nanocavity included InGaN/ GaN core-shell nanorods (diameter: ~30-50 nm, length: 100-250 nm) sitting on a 28-nm Ag film with a 5-nm Al 2 O 3 film as the separating layer ( Figure 3B ) [167] . By tuning the content ratio of In from ~27% to 53%, the electronic bandgap could be varied from ~2.65 to 1.93 eV, leading to the plasmonic lasing of 474-627 nm. Another strategy is to vary the dimension and morphology of the plasmonic nanocavity, such as the width and the length of semiconductors, and the substrate type. Ma et al. have demonstrated a room-temperature, multicolor plasmonic laser from a single CdS nanobelt (width: ~620 nm, thickness: 100 nm), which was crosswise integrated onto five silver strips (width: 1 μm, thickness: 250 nm) separated by a 5-nm MgF 2 gap [168] . Six In/Au (10/120 nm) ohmic contact electrodes were constructed to provide additional electrical modulation, as shown in Figure 3C . When the overlap areas of Ag and CdS were optically pumped, a hybrid plasmonic mode was supported along the metal-dielectric interface, and the lasing wavelength spanned from 490.2 to 502.7 nm by varying the width of the CdS waveguide. In addition, when an electric field was applied (4 V), a small linear peak shift (below 0.3 nm) was achieved as a result of the enhanced density of excited carriers, providing a solution to tailor the wavelength precisely and dynamically. More than 70% of the plasmonic energy could be guided into the embedded CdS waveguide with thickness >60 nm, and the radiation efficiency was also remarkably enhanced by ~35%. As shown in Figure 3D , Zhang et al. reported that the operation wavelength of Ag-SiO 2 -CdS NW plasmonic laser shifted from 465 to 491 nm as the CdS NW length was increased from 5.2 to 26.4 μm, which covered approximately 76% over the interval width of the emission spectrum of CdS [160] . The plasmonic mode was always located on the high-energy side of the spontaneous emission peak owing to the BM effect, which is further enhanced and tuned by the SPPs in the nanocavity. Also, the red shift of lasing modes caused by the self-absorption effect of the semiconductor is sensitive to the diameter of NWs, e.g. a larger diameter gives rise to a larger shift [73] . These methods of tuning the lasing wavelength can be easily extended to other semiconductor NW plasmonic lasers.
Low-threshold plasmonic lasers
Reducing mode losses and harnessing optical gain are two strategies to achieve low-threshold plasmonic NW lasing. The large loss in a plasmonic cavity is mainly contributed by four parts: (1) free-electron scattering with electrons, lattice ions, and impurities at the damping rate of ~10 −15 s −1 [180] ; (2) intra/interband transition for excitation of electron-hole pairs, which is dependent on the optical wavelength, e.g. for Au and Ag, the intraband and interband losses are high in the NIR and visible region [145, 181] ; (3) scattering into LSP or free-space radiation within the time scale of 10 fs [182] ; (4) radiation loss occurring primarily at cavity interface, i.e. end-facets for NW, which is relatively low compared to the other three channels in plasmonic lasers. The total loss is on the order of 10 3 cm −1 , which can only be overcompensated by the optical gain from semiconductors with a carrier concentration of ~10 19 cm −3 . To promote optical gain and compensate optical losses, large gain-mode overlap and rapid exciton-plasmon energy transition rate are necessary, which are dependent on the morphology of the semiconductor, metal, and their interfaces [183] . To date, in order to reduce the threshold of plasmonic lasing, interface engineering, rational selection of metal and semiconductor materials, as well as nanocavity designs have been proposed.
As shown in Figure 4A , Lu et al. have demonstrated a CW pumped MISW plasmonic laser using InGaN/GaN core-shell nanorod as the gain medium, Ag film (28 nm) as the metal layer, and SiO 2 film (5 nm) as the insulator layer [154] . Both the mode volume and losses were effectively reduced by adopting an MBE-grown, atomically flat Ag film. The lasing threshold was as low as 3.7 kW cm −2 at 78 K. Similarly, Chou et al. successfully boosted the performance of a UV plasmonic nanolaser by utilizing a glossy single-crystalline Al film with a root-mean-square roughness of 0.44 nm ( Figure 4B ) [184] . The lasing threshold was dramatically reduced to 0.28 mJ cm −2 , which was 36 times lower than that of the device using polycrystalline Al film with a roughness of 2.29 nm ( Figure 4B ). These works tell us that small roughness of the metal surface and the interface is important issue for low-threshold plasmonic NW lasers.
In 2014, Zhang et al. realized a room-temperature, single-mode UV plasmonic laser with a low threshold of 3.5 MW cm −2 by adopting GaN NWs with triangular cross-sections ( Figure 4C) [155] . In this work, the core technology was to construct the closed-contact, planar metal-semiconductor interface to suppress interface scattering losses and promote exciton-plasmon interaction. Later, Chou et al. reported a single-mode ZnO NW plasmonic laser operating at 353 K, and found that the threshold was even lower without the insulator layer owing to the relatively strong confinement ( Figure 4D ) [157] . The authors also confirmed that the SPP mode field was well confined for the Al-ZnO configuration.
Furthermore, the plasmonic lasing threshold is also highly dependent on the dimension of the nanocavity. Wang et al. have explored the scaling laws of threshold versus the cavity size in a Au-MgF 2 -CdS MISW plasmonic laser ( Figure 4E) [185] . As the thickness of the CdS nanosquares was 100-200 nm, the threshold of both plasmonic and photonic lasers increased with the decrease of the cavity volume owing to the reduction of mode overlap and cavity quality factor. As the thickness was <100 nm, a similar trend was observed in plasmonic devices (inset, Figure 4E ). These results indicated that the size of nanocavity should be as large as possible to decrease the lasing threshold. On the other hand, an enhanced spontaneous emission factor is predicted in a smaller mode volume, which can increase the coupling between excitons and cavity modes to decrease the lasing threshold. For example, Chou et al. demonstrated a single-mode, pseudowedge plasmonic laser with a threshold of ~50 MW cm −2 [186] . The effective mode volume in this device was only 0.000015 λ 3 , which was 100 times smaller than that of a planar SPP laser, leading to enhanced Purcell effect and shortened photoluminescence decay time ( Figure 4F ). As a result, a high spontaneous emission factor of ~0.8 was achieved at the intersections between ZnO NWs and Ag gratings, suggesting a pathway for low-threshold plasmonic lasing with reduced dimensions.
Ultrafast modulation
Fast response of lasing devices is important for on-chip data transport and optical computation. To date, subpicosecond switching time is realized in various structures including interferometry structures, nonlinear fibers, waveguides, and semiconductor optical amplifiers [187] . The ultrafast dynamics, as predicted by pioneering theoretical works on SPs, is mainly attributed to the accelerated recombination rate induced by enhanced mode confinement, which is the so-called Purcell effect [188] . In 1946, Purcell effect was primarily proposed to ascribe the rate acceleration of the spontaneous radiation of oscillators in optical cavities [189] . Compared to freespace emission, the density of states increases when the oscillators are coupled to microcavity modes ( Figure 5A) , and the recombination rates of oscillators are enhanced by a factor expressed as
and Q represent the cavity volume and quality factor, respectively [192] [193] [194] . As such, both increasing Q and decreasing V m can promote F Purcell , and SPs provide a great platform to increase F Purcell and enhance the emission rate by their strong confinement. For instance, in a micropillar photonic laser, F Purcell was only 10 when Q was ~16,000, but it increased to 18 in a CdS nanosquare plasmonic laser despite the fact that Q was only ~100 [195, 196] . Meanwhile, the as-reported F Purcell [158, 197] . Recently, in a plasmonic laser adopting emergent CsPbBr 3 perovskite as the gain medium, Wu et al. demonstrated that the radiative recombination lifetime of the perovskite NWs was shortened by a factor of ~6.14 due to Purcell effect ( Figure 5B) [161] . The high F Purcell suggests a fast response of plasmonic lasers. In 2014, Sidiropoulos et al. used a pump-probe method to measure the response time of plasmonic and photonic lasers, respectively [190] . As shown in Figure 5C , individual ZnO NWs were placed on a 10-nm-thick LiF layer over Ag substrate to form an MISW structure, which was then sequentially excited by a high-energy pulse above the threshold (200 μJ cm −2 ) and a low-energy pulse below the threshold with a delay time. The time delays between the input and output pulses were measured as t 1 for the high-energy pulses and t 2 for lowenergy pulses. As shown in Figure 5D , since the population inversion was mainly created by the initial pulse, the opening time of the plasmonic laser, approximately equal to t 1 , was ~1 ps. The corresponding pulse line width was 0.8 ps, which was nearly one order of magnitude smaller than that of the photonic laser (4-5 ps). The average response time when the intensity of stimulated emission reached a maximum value was only 1.6 ps for the plasmonic laser, which was much shorter than that of the photonic laser (5.7 ps).
Modulation bandwidth of a laser, f 3dB , which represents the frequency when its response function drops to half the initial value, is another important factor to characterize the response rate of lasers. Under low pump intensity such as far below the lasing threshold, f 3dB is mainly limited by the relaxation rate of the emitters, theoretically proportional to γ Purcell , F and increases with F Purcell and the cavity loss γ. As the pump intensity is far above the lasing threshold, an upper bandwidth limit of f 3dB is determined by the cavity loss γ. Both F Purcell and γ of plasmonic cavities are quite high, leading to a large f 3dB for plasmonic lasers. For example, Genov et al. predicted terahertz bandwidth from one-dimensional Ag NW plasmonic waveguide in the mid-IR spectral range (1550 nm) owing to the strong mode confinement, suggesting the great potential of plasmonic NW lasers for wide-band telecom applications [198] . As shown in Figure 5E , Liu et al. designed an electrically pumped one-dimensional plasmonic laser with F Purcell = 10 using GaAs quantum wells as the gain medium [191] . f 3dB was ~80 GHz at the lasing threshold of ~3000 kA cm −2 , which exceeded the classical on-chip sources by a factor of more than two ( Figure 5F) . Moreover, the plasmonic laser exhibited a high coupling efficiency of >60% to a planar AlGaAs waveguide on a silicon-on-insulator (SOI) substrate, promising for on-chip ultrafast laser sources.
Electrically driven plasmonic lasers
Optical and electric pumping are the most popular routes to realize population inversion of a gain medium. Most of the as-introduced lasers in the previous paragraphs are pumped by femtosecond pulsed lasers, which are still far from practical applications. Electrically injected operation is central for applications of plasmonic lasers, but it still faces considerable challenges and has been a longstanding problem [199] . The large ohmic losses and joule heating of electrical injection drastically reduce the effective gain and increase the operation threshold. Typical amplitude of electrical density for electrically driven plasmonic lasers is over ~70 A cm −2 , which is nearly one order of magnitude larger than that of photonic microlasers. The crystalline structure of semiconductors as well as their emission spectra may change under such a high injection condition, hampering the stability and reliability of plasmonic lasers [200] . Hill et al., in 2007 , initially demonstrated an electrically driven, metal-cladded NW laser, which was indeed above the optical diffraction limit but still became a popular settlement to compress the laser dimension to the sub-wavelength range [201] . In 2009, Hill et al. completed the first electrically driven plasmonic laser composed of a rectangular cross-section n-InP/InGaAs/ p-InP pillar (InGaAs height: 300 nm), which was surrounded by an insulating SiN layer (thickness: 20 nm) and further encapsulated by Ag films, as shown in Figure 6A [32] . Therein, the InGaAs in the core region acted as the gain medium and was excited by two Au/ Pt/Ti electrical contacts, and the n-InGaAs/n-InP and p-InGaAs/p-InP functioned as electron and hole injection layers, respectively. Owing to the dielectric contrast between the InGaAs and InP layers, the SPP mode at the InGaAs/SiN/Ag interface is strongly confined to the short axis and propagates along the long axis of the pillar. By using direct current electric injection with forward bias above ~10 4 A cm −2 , super-linear emission with a line width of ~0.5 nm was observed from a device with the InGaAs pillar length of 6 μm and thickness of 310 nm at room temperature, as shown in Figure  6B . In addition, this work emphasized that the lasing threshold was negatively correlated with the thickness of InGaAs pillars owing to reduced mode confinement and increased ohmic losses. As a result, smaller devices lased only under a cryogenic environment because of insufficient heat dissipation at elevated temperatures, hindering practical applications. To overcome it and realize room-temperature CW lasing, Ding et al. further optimized the microfabrication process to minimize imperfections and fabricate devices close to the ideal situations by (1) using hydrogen silsesquioxane as photoresist in electron beam lithography to reduce the edge roughness of Cr/SiO 2 pattern within 2 nm; (2) improving the dry etching stage to restrict the tilting angle of the sidewall of InP/InGaAs/InP pillar to within 1° to suppress radiation loss; (3) increasing the SiN layer thickness from 20 to 30 nm to enhance the Q from 372 to 428; (4) increasing the grain size of the silver film to 1 μm, which is comparable with the feature size of plasmonic lasers to reduce the metal losses; and (5) performing thorough surface treatment such as oxygen plasma and dilute phosphoric acid processes to decrease surface recombination [171] . The authors have demonstrated significant transition from spontaneous emission to lasing at room temperature, and also clearly identified the achievement of lasing, which was fuzzy due to excessive peaks and weak super-linear lasing intensity in previous works [170] . Furthermore, they demonstrated a plasmonic laser (V eff : 0.146 λ 3 ) with azimuthally polarized beam based on cylindrical InP/InGaAs/InP pillar cladded by SiN/Ag ( Figure 6C and inset, Figure  6D ) [172] . They also tuned the lasing wavelength from 1.37 to 1.53 μm by varying the radius of the pillar, providing an approach for a multicolor metal-clad laser ( Figure 6D ). Despite the metal-cladded configuration, Yang et al. also reported one-dimensional, room-temperature, electrically driven plasmonic NW lasers of the MISW structure, as shown in Figure 6E [179] . The thicknesses of Ag, MgO, ZnO, MgO, and p-GaN layers were about 100, 7, 85, 5, and 2 nm, respectively. ZnO was chosen owing to its high optical gain coefficient and structural stability under high-energy injection. As shown in Figure 6F , electrons and holes were injected into the middle ZnO layer from Ag and p-GaN layers by tunneling effect, respectively. The MgO layer blocked electrons in the active region to p-GaN to enhance the emission of the gain medium. As shown in Figure 6G , sharp peaks of transverse magnetic modes emerged with line width of ~1.12 nm above 70.2 A cm −2 , suggesting the achievement of lasing.
Applications
Plasmonic NW lasers have attracted great interest owing to their faster, more compact, and more power-efficient characteristics than conventional lasers as well as their demonstrated applications in chemical sensors and optical interconnects. In 2014, Ma et al. demonstrated a sub-part-per-billion chemical detector by using Ag-MgF 2 -CdS nanolasers ( Figure 7A ) [202] . The output intensity of the plasmonic NW laser is strongly affected by surface recombination, in which the surface dangling bond or a S vacancy plays a key role in the large surfaceto-volume ratio of CdS NWs. In principle, the velocity of surface recombination is modified by the concentration of explosive molecules and electron deficiencies, leading to the variation of lasing intensity. As shown in Figure 7B , the variation ratio of the lasing intensity ΔI/I is generally linear with the vapor concentration of the analysts, e.g. equal to 1.2% ppb, 6.1% ppb, and 0.4% ppm for 2,4-dinitrotoluene, ammonium nitrate, and nitrobenzene, respectively. Plasmonic laser sensors exhibit good reversibility and stability during more than 5 h of experiments. In addition, Wang et al. proved plasmonic nanolasers as refractive index sensors in an aqueous condition using CdS and CdSe gain materials [205] . The lasing wavelength changes by 22 nm per refractive index unit at the response spectral regime (~718 nm). The figure of merit (FOM) of wavelength sensing is ~51, which is comparable to that of state-of-the-art SP resonance sensors (~50), and the FOM of intensity sensing is ~8000, which is nearly 40 times higher than that of SP resonance sensors.
Plasmonic NW lasers hold great promise for optical interconnects, but due to the large momentum mismatch at the interface, lasing photons are often diffracted in all directions, resulting in low coupling efficiency to the other optical units. To solve this problem, Kim et al. proposed a symmetry-broken, one-dimensional plasmonic laser consisting of SiO 2 /Ag cladded InP/InGaAs/ InP pillar with V m ≈ 0.28 (λ/n) 3 and Q > 600, which was integrated onto bidirectional SOI waveguides supporting transverse electric mode at 204.8 THz (1.46 μm), as shown in Figure 7C [203] . Through breaking cavity symmetry by using asymmetry cladding or adopting pillars with rectangular cross-section, the wave vector of the plasmonic mode in the xy plane increased; hence the lasing photons preferred to radiate in the x-direction and couple into the SOI waveguide. Finally, the coupling efficiency of the plasmonic laser with SOI waveguide reached up to 78%. Indeed, replacing the bidirectional waveguide with a unidirectional waveguide could further enhance the theoretical coupling efficiency to ~90% [206] . Also, the as-reported coupling efficiency of the multiplexed waveguides embedded with plasmonic lasers is also higher than 70% ( Figure 3C ) [168] . Moreover, Dolores-Calzadilla et al. demonstrated a high-performance plasmonic nano-LED on silicon, which was constructed by SiO 2 /Agcladded n-InP/i-InGaAs/p-InP pillars, as shown in Figure  7D , E [204] . Under a current injection of tens of μA, the on-chip external quantum efficiencies of the nano-LEDs were as high as 10 −4 and 10 −2 at room temperature and 9.5 K, respectively. Meanwhile, direct modulation experiments revealed a switch-off time of 289 ± 3 ps. Despite the failure of plasmonic lasing, the relatively high external quantum efficiency and the sub-nanosecond electro-optical response are promising for low-power, high-speed optical interconnects.
Perspectives and challenges
In the past few years, a series of reports on plasmonic NW lasers have fully indicated their reliability and great promises as sub-diffraction-scale coherent light sources. In this review, we attempted to summarize the development of this newly rising field, including the fundamentals of semiconductor NW lasers and SPs, theoretical analysis and experimental demonstration of semiconductor NW plasmonic lasers, as well as latest frontiers to improve the performance of plasmonic lasers. Semiconductor material with a large gain coefficient and metal material with low ohmic losses at optical frequencies are expected for lowthreshold lasing. The geometry of NWs should be selected, and the closed-contact, smooth MIS interface can provide lower scattering loss and more efficient exciton-plasmon energy transfer to reduce the lasing threshold. Reducing NW's dimensionality may increase the lasing threshold because of weaker modal overlap, which brings challenges in controlling the size of NWs to demonstrate deep sub-wavelength lasers. However, rational selection of the cavity geometry, such as an ultrasmall pseudowedge waveguide, could enhance the spontaneous emission factor to realize low-threshold lasers in the deep sub-wavelength scale. Nevertheless, with the ultrasmall mode volume, strong localized electromagnetic field, high power density, and accelerated recombination rate, plasmonic lasers are suitable for a wide range of applications, i.e. nanolithography, high-resolution imaging, optical interconnection, and accurate metrologies [146, [207] [208] [209] .
However, beyond these inspiring opportunities, there are also many immediate challenges for semiconductor NW plasmonic lasers. First, open questions still exist in the fabrication of high-quality crystals and heterojunctions for the plasmonic laser; for example, the integration of semiconductor NWs onto SOI substrates is limited by the inevitable lattice mismatch. Besides, surface and interface defects cannot be well controlled to modulate the functional properties of NWs to date, especially in plasmonic NW lasers with large-area metal-dielectric interfaces. Second, composition-graded NWs have been prepared to establish multicolor lasing, though the current fabrication technique is not simple enough. Other approaches by tuning the cavity design and utilizing the self-absorption effect only tailor the lasing wavelength over a narrow band, which is not enough for wideband multicolor lasers for practical applications. Third, although many strategies have been proposed to reduce the metal losses but showed great randomness, rational design and in-depth theoretical studies on low-threshold plasmonic lasing are still emerging. Last but not least, electrically driven plasmonic devices, especially with room-temperature CW operation, have a broader practical prospect in comparison to optically pumped lasers, while the cavity fabrication becomes much more complicated at the same time. In addition, in order to overcoming ohmic loss, a semiconductor core with stable structure and large gain coefficient under strong current injection is needed, and the embedded gap materials that prevent diffusion and conduct heat is also essential, but only a few types of semiconductor and dielectric materials meet these requirements according to current reports. Despite their inherent advantages and disadvantages, plasmonic NW lasers can be expected to become one of the central components for ultrasmall photoelectric devices and on-chip interconnections in the next decade.
